PSD-95/SAP90 is a synaptic membrane-associated guanylate kinase with three PDZ, one SH3, and one guanylate kinase (GK) domain. PSD-95/SAP90 binds various proteins through the PDZ domains and organizes synaptic junctions. PSD-95/SAP90 also interacts with the postsynaptic density (PSD) fraction-enriched protein, named SAPAP (also called GKAP and DAP), through the GK domain. SAPAP is Triton X-100-insoluble and recruits PSD-95/SAP90 into the Triton X-100-insoluble fraction in the transfected cells, suggesting that SAPAP may fix PSD-95/SAP90 to the PSD. Here we report a novel protein interacting with the GK domain of PSD-95/SAP90, BEGAIN. BEGAIN is specifically expressed in brain and enriched in the PSD fraction. BEGAIN is Triton X-100-soluble in the transfected cells but is recruited to the Triton X-100-insoluble fraction by SAPAP when coexpressed with PSD-95/SAP90. BEGAIN may be a novel PSD component associated with the core complex of PSD-95/SAP90 and SAPAP.
Synaptic junctions accumulate molecules involved in neurotransmissions. The organization of components of synaptic junctions is orchestrated by several scaffolding proteins (reviewed in Refs. [1] [2] [3] [4] [5] . PSD-95/SAP90 is a prototypic synaptic scaffolding protein and has three isoforms, SAP97, PSD-93/ chapsyn, and SAP102 (6 -12) . They have three PDZ, one SH3, and one guanylate kinase (GK) 1 domain. The PDZ domain is a protein-interacting module (reviewed in Refs. [13] [14] [15] [16] , and those of PSD-95/SAP90 bind to the C termini of NMDA receptors, K ϩ channels, neuroligins, synGAP, and CRIPT (8 -12, 17-21) . The SH3 domain is also a protein-interacting module (reviewed in Ref. 22 ), but the molecules interacting with the SH3 domain of PSD-95/SAP90 have not been identified. The GK domain shows a homology to the yeast guanylate kinase. Three groups including ours have recently identified a protein interacting with the GK domain of PSD-95/SAP90 and named it GKAP, SAPAP, and DAP, respectively (23) (24) (25) . SAPAP is neuronal-specific and tightly attached to the synaptic plasma membranes, and in the transfected cells, SAPAP recruits PSD-95/SAP90 to the plasma membranes. We have subsequently identified a protein interacting with SAPAP and named it S-SCAM (26) . S-SCAM has five PDZ domains and binds to NMDA receptors and neuroligins. PSD-95/SAP90, SAPAP, and S-SCAM may cooperate to assemble receptors and cell adhesion molecules at the synaptic junctions.
In the yeast two-hybrid screening using the GK domain of PSD-95/SAP90 as bait, we have identified two novel proteins in addition to SAPAP. One of them is ubiquitously expressed, and the other is specifically expressed in brain. In this study, we have characterized this brain-specific protein and named it BEGAIN (brain-enriched guanylate-kinase domain-associated protein). BEGAIN is expressed in neurons and rather enriched at synaptic junctions. BEGAIN may be involved also in the organization of the components of synaptic junctions.
MATERIALS AND METHODS
Yeast Two-hybrid Screening and cDNA Cloning-Rat brain yeast two-hybrid library was constructed using pVP16 vector and screened (27) . Rat brain cDNA libraries were screened with the [␣-
32 P]dCTPlabeled random-primed probes (27) .
Construction of Expression Vectors-Various expression vectors were constructed by conventional molecular biology techniques and a polymerase chain reaction method using pBTM116, pBTM116 -2, pClneo (Promega), pClneo Myc, pGex5X-3 (Amersham Pharmacia Biotech), pGex4T-1 (Amersham Pharmacia Biotech), and pGexKG. pBTM116 -2 and pClneo Myc were constructed from pBTM116 and pClneo, respectively (26) . pBTM116 PSD-95-3, -9, -11, SAP97-5, p55-1, CASK-10, -11, ZO-1-1, dlg-2, pGexKG PSD-95-1, -2, and -4 were described previously (19, 24) . The following constructs contained the following amino acid (aa) residues of BEGAIN-2; pGex5X-3 BEGAIN-2-4, 407-611; pClneo Myc BEGAIN-2-1, 1-611; pClneo Myc BEGAIN-2-2, 1-226; pClneo Myc BEGAIN-2-3, 216 -415; pClneo Myc BEGAIN-2-4, 407-611; pClneo BEGAIN-2, 1-611; and pBTM116 BEGAIN-2-8, 501-611. pGex4T-1 PSD-95-17 and -18 contained the residues 435-495 and 534 -724 of PSD-95/SAP90, respectively. pClneo BEGAIN-1 and pClneo PSD-95 were constructed by ligating the NotI fragment from p1314-196 at NotI site and the EcoRI/XbaI fragment from pCMV PSD-95-1 at EcoRI/XbaI sites of pClneo, respectively.
Antibodies-A rabbit antibody was raised against the product of pGex5X-3 BEGAIN-2-4 and purified (24) . Monoclonal anti-PSD-95/ SAP90 and anti-Myc-tag and polyclonal anti-SAPAP1 and anti-PSD-95/ SAP90 antibodies were described previously (24) . The anti-GABA A receptor antibody was purchased from Chemicon.
Preparation of COS Cell Extracts-COS cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum under 10% CO 2 at 37°C and transfected with DEAE-dextran (24) . COS cells of one 10-cm plate were homogenized in 0.5 ml of 20 mM Hepes/ NaOH, pH 8.0, containing 100 mM NaCl and 1% (w/v) Triton X-100, and * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The centrifuged at 100,000 ϫ g for 15 min. The supernatant was diluted with 2 volumes of 20 mM Hepes/NaOH, pH 8.0, and used as COS cell extracts.
In Vitro Binding Experiment Using GST-fusion Proteins and COS Cell Extracts-1.5-ml aliquots of the COS cell extracts were incubated with 200 pmol of various glutathione S-transferase (GST) constructs fixed on 20 l of glutathione-Sepharose 4B beads. After the beads were washed with Buffer A (20 mM Hepes/NaOH, pH 8.0, containing 33 mM NaCl and 0.33% (w/v) Triton X-100), proteins on the beads were detected with the immunoblottings.
Stable Transformants-CHO cells were transfected with pClneo PSD-95 by a calcium phosphate method using Mammalian transfection kit (Stratagene) and cultured in DMEM with 10% (w/v) fetal bovine serum, 100 units/ml penicillin, 100 units/ml streptomycin, 40 g/ml L-proline, and 700 g/ml Geneticin (Life Technologies, Inc.). After the three cycles of the subcloning, the cells expressing PSD-95/SAP90 were selected.
Coimmunoprecipitation-Crude synaptosomes were prepared from four rat brains (26) . Synaptosomes were homogenized in 16 ml of 20 mM Hepes/NaOH, pH 8.0, containing 6 M urea and 1% (w/v) Triton X-100, and centrifuged at 100,000 ϫ g for 30 min. The supernatant was dialyzed against 5 liters of 20 mM Hepes/NaOH, pH 8.0, containing 100 mM NaCl with one exchange and centrifuged at 100,000 ϫ g for 30 min to remove the precipitate. 4-ml aliquots of the supernatant were incubated with various antibodies fixed on 20 l of protein G-Sepharose Fast Flow beads. After the beads were washed with Buffer A, proteins on the beads were detected with the immunoblottings.
Subcellular Fractionation of CHO Cells-CHO cells stably expressing PSD-95/SAP90 were transfected with various eukaryote expression vectors using TransFast Transfection Reagent (Promega). After 48 h, the cells were collected and homogenized in 300 l of 20 mM Hepes/ NaOH, pH 7.4, by sonication. 80 l of the homogenates were kept for the analysis, and the remaining samples were centrifuged at 100,000 ϫ g for 30 min to separate the supernatant and the pellet. The pellet was homogenized in 220 l of 20 mM Hepes/NaOH, pH 7.4, containing 1% (w/v) Triton X-100, and centrifuged at 10,000 ϫ g for 10 min to separate the supernatant and the pellet.
Miscellaneous Procedures-Other procedures including subcellular fractionation of rat brain, primary cultures of rat hippocampal neurons, immunocytostaining, SDS-polyacrylamide gel electrophoresis, and protein determination were performed as described (24) . Northern and Western blottings were performed using multiple tissue Northern blots (CLONTECH) and ECL reagents (Amersham Pharmacia Biotech), respectively.
RESULTS AND DISCUSSION
Identification of BEGAIN-We performed the yeast two-hybrid screening using the SH3 and GK domains (the residues 430 -724) of PSD-95/SAP90 as bait. We obtained six positive clones from 1.4 ϫ 10 6 clones of a rat brain yeast two-hybrid library. Four clones were SAPAPs. One clone, pPrey1294, was ubiquitously expressed. The full-length clone of this gene encoded a protein composed of 1,822 aa, which was homologous to SPA-1, a GTPase-activating protein for Ran (28) . The sequence of this gene was submitted to GenBank TM with an accession number of AF026504. The remaining clone, pPrey1314, was brain-specific. To obtain a full-length clone, we screened two ZAP (Stratagene) and one gt11 (CLONTECH) rat brain cDNA libraries and obtained 200 positive clones. Two clones, p1314-113 and p1314-196, contained a putative initiation codon and a termination codon. p1314-196 encoded a protein composed of 605 aa (Fig. 1A) . p1314-113 encoded a protein composed of 611 aa. We named these proteins BEGAIN-1 and -2, respectively. The residues 1-8 of BEGAIN-1 and the residues 1-14 of BEGAIN-2 were different, whereas the remaining residues were the same (Fig. 1B) . The sequences around the initiation codons of BEGAIN-1 and -2 were confirmed by the sequencing of three and two independent clones, respectively. To further confirm whether these clones were the full-length 
A Neuronal PSD-95/SAP90-binding Protein 26270
ones, COS cell extracts transfected with pClneo BEGAIN-1 and -2 were immunoblotted with the antibody against residues 407-611 of BEGAIN-2. A protein with a M r of 83,000 was detected in the COS cells transfected with pClneo BEGAIN-1, whereas a protein with a M r of 74,000 was detected in the COS cells transfected with pClneo BEGAIN-2 ( Fig. 2A) . The reason BEGAIN-1 with 605 aa migrated slower than BEGAIN-2 with 611 aa on SDS-polyacrylamide gel electrophoresis is unknown. In the synaptic plasma membrane (SPM) fraction, proteins with M r of 83,000 and 74,000 were detected ( Fig. 2A) . Therefore, pClneo BEGAIN-1 and -2 encoded proteins with the same sizes as the native proteins. The software COILS version 2.1 predicted a coiled-coil structure in the N-terminal region of BEGAIN-1. This region showed a weak homology to the repeats of Drosophila CLIP-190, which were also predicted to be coiledcoil regions (29) .
Tissue and Subcellular Distribution of BEGAIN-The Northern blot analysis revealed a 3.4-kilobase pair message only in brain (Fig. 2B) . No message was detected in heart, 
TABLE I Interaction of BEGAIN with MAGUKs
Data list ␤-galactosidase activities of yeasts harboring the respective bait and prey plasmids. pPrey1314 and pPrey1201 contain the residues 524 -605 of BEGAIN-1 and 315-556 of SAPAP1, respectively. Data shown are nanomoles of substrate hydrolyzed/min/mg of protein Ϯ S.D. A Neuronal PSD-95/SAP90-binding Protein 26271 spleen, lung, liver, kidney, skeletal muscles, or testis. In the subcellular fractionation of rat brain, BEGAIN was detected mainly in the SPM and PSD fractions (Fig. 2C) .
Interaction of BEGAIN with PSD-95/SAP90 -To confirm the interaction of BEGAIN with PSD-95/SAP90, BEGAIN was immunoprecipitated from the crude synaptosome fraction. PSD-95/SAP90 was coprecipitated with BEGAIN as well as with SAPAP (Fig. 3A) . To determine the BEGAIN-interacting region of PSD-95/SAP90, the extracts of COS cell expressing Myc-tagged BEGAIN-2 were incubated with GST constructs containing various regions of PSD-95/SAP90. The GK domain interacted with BEGAIN, whereas the PDZ and SH3 domains did not (Fig. 3B) . The same results were obtained using BE-GAIN-1 (data not shown). The GK domain of PSD-95/SAP90 is necessary and sufficient for the interaction with BEGAIN. In rat hippocampal neurons, BEGAIN showed a somatodendritic pattern and was colocalized with PSD-95/SAP90 (Fig. 3C) , whereas the staining of GABA A receptor did not overlap with that of BEGAIN (data not shown). These findings suggest that BEGAIN is localized at the excitatory synapses and interacts with PSD-95/SAP90 in vivo.
The region of BEGAIN involved in the interaction with PSD-95/SAP90 was estimated from the following observations. The clone pPrey1314 obtained from the yeast two-hybrid screening contained residues 524 -605 of BEGAIN-1 (Fig. 1A, underlined) . In the reverse yeast two-hybrid screening using residues 495-605 of BEGAIN-1 as bait, three positive clones were obtained. These clones all contained the GK domain of PSD-95/ SAP90 (residues 158 -724, 354 -724, and 508 -724, respectively). Therefore, the C-terminal region of BEGAIN is sufficient for the interaction with PSD-95/SAP90.
Interaction of BEGAIN with Other MAGUKs-To test the interactions of BEGAIN with other MAGUKs, ␤-galactosidase assay was performed using the prey clone of BEGAIN and various baits. PSD-95/SAP90, SAP97, and Drosophila dlg-A interacted with BEGAIN, whereas p55, ZO-1, or CASK did not (Table I) . Although the interaction of BEGAIN with PSD-95/ SAP90 was much weaker than that of SAPAP with PSD-95/ SAP90, these results suggest that BEGAIN specifically interacts with PSD-95/SAP90 and its isoforms.
Binding of BEGAIN to SAPAP via PSD-95/SAP90 -Because BEGAIN and SAPAP interact with the same region of PSD-95/SAP90, BEGAIN and SAPAP may compete for the binding to PSD-95/SAP90 and cannot interact with PSD-95/ SAP90 simultaneously. If this is the case, BEGAIN cannot participate in the core complex formation of PSD-95/SAP90 and SAPAP in the PSD. PSD-95/SAP90 is multimerized through the disulfide-linkage at the N terminus (30) . Therefore, PSD-95/SAP90 binding BEGAIN may interact with another PSD-95/SAP90 binding SAPAP. If such interactions take place in vivo, BEGAIN can be a component of the core complex of PSD-95/SAP90 and SAPAP. In the transfected HEK293 cells, PSD-95/SAP90 is translocated from the cytosol to the membrane in the presence of SAPAP (24) . We have confirmed this observation using the CHO cells stably expressing PSD-95/ SAP90 (CHO/PSD-95 cells). In CHO/PSD-95 cells, PSD-95/ SAP90 was distributed in the cytosol and membrane fractions and was solubilized in the Triton X-100 extraction (Fig. 4A) . When SAPAP was transfected in these cells, SAPAP was distributed in the Triton X-100-insoluble fraction, and PSD-95/ SAP90 was recruited into the Triton X-100-insoluble fraction (Fig. 4B) . BEGAIN was distributed in the Triton X-100-soluble fraction and did not affect the distribution of PSD-95/SAP90 (Fig. 4C) . When BEGAIN and SAPAP were coexpressed in CHO/PSD-95 cells, BEGAIN was recruited into the Triton X-100-insoluble fraction with PSD-95/SAP90 (Fig. 4D) . When BEGAIN and SAPAP were coexpressed in the wild CHO cells, BEGAIN remained in the Triton X-100-soluble fraction (Fig.  4E) . These findings suggest that BEGAIN binds to SAPAP via PSD-95/SAP90 and forms a ternary complex in vivo.
The PSD provides the scaffolds for the molecules involved in the neurotransmissions and the synaptic plasticity (reviewed in Refs. 3 and 31) . The PDZ domain-containing proteins, such as PSD-95/SAP90, GRIP, and S-SCAM, play central roles in the formation of the scaffolds (reviewed in Refs. 4, 5, and 16). However, other molecules are also required to form the PSD. SAPAP is tightly attached to the PSD and recruits PSD-95/ SAP90 to the Triton X-100-insoluble fraction in the transfected cells. Here we have reported a novel protein enriched in the PSD fraction, BEGAIN. The interaction of BEGAIN with PSD-95/SAP90 has been shown through the yeast two-hybrid method, affinity column chromatography, and coimmunoprecipitation from rat brains. BEGAIN is colocalized with PSD-95/ SAP90 in rat hippocampal neurons, suggesting that BEGAIN actually binds to PSD-95/SAP90 in vivo. The sequence of BE-GAIN has no significant homology to known proteins. The C-terminal region of BEGAIN is involved in the interaction with PSD-95/SAP90. The N-terminal region of BEGAIN has a coiled-coil structure, and BEGAIN may interact with molecules other than PSD-95/SAP90 through this region. In the transfected cells, BEGAIN itself is distributed in the Triton X-100-soluble fraction in contrast to SAPAP. SAPAP recruits BE-GAIN via PSD-95/SAP90 into the Triton X-100-insoluble fraction. Although the subcellular localization of BEGAIN remains to be clear, these findings suggest that BEGAIN is a component of the PSD, binds to the core complex of PSD-95/ SAP90 and SAPAP, and may sustain the structure of the PSD.
